Frequency bifurcation phenomenon is an important input characteristic of the magnetically coupled resonant wireless power transfer (MCR-WPT) system in overcoupling situation. In this paper, frequency bifurcation phenomenon in MCR is extended to the general transmitter-receiver coupling system, and the two main factors affecting the phenomenon are analyzed. Finally, the phenomenon is introduced into the field of signal detection, and a noncontact detection method based on target coil resonance is proposed in this paper. Since the proposed method is a kind of electromagnetic method, the detection system is highly susceptible to the surrounding metal conductors. erefore, the detection performance of this method under three metal-environment conditions is analyzed, respectively. Simulations and experiments show that the metal barrier can weaken the detection because of the eddy current effect, but as long as the barrier does not completely isolate the two coils, the method still has strong penetrability. Besides, the metal plate placed parallel outside the transmitter has less influence on the detection when compared with the metal barrier, and the metal plate by the side of the transmitter can even enhance the detection effect. As a consequence, this method has strong stability in metal environment.
Introduction
Magnetically coupled resonant (MCR) technology was firstly proposed in 2007 [1] , which is a nonradiative, high-efficiency, and medium-distance wireless power transfer (WPT) technology based on magnetic resonance coupling [1, 2] . It is a great revolution in the field of energy transmission and has been a research hotspot until now. At present, the research of MCR technology mainly aims at improving the energy transmission characteristics of the system, including coil and transmission structure optimization design [3] [4] [5] and system control [6] .
When the coupling coefficient between the transmitting coil and the receiving coil is too large in the MCR-WPT system, the power transfer will be influenced significantly [7] . In the output side, frequency splitting phenomenon occurs, where the load power-frequency curve changes from a single-peak curve to a double-peak curve, and meanwhile the output power of the energy transfer system cannot reach the maximum [8] . Numerous literatures focus on the causes of frequency splitting [9] , the derivation of frequency splitting equations [10] , the system structure optimization [11] [12] [13] , frequency tracking [14] , etc., and devote to eliminating frequency splitting or achieving optimal energy transfer in the case of frequency splitting. From the perspective of input characteristic, the compensation capacitors cause the high-order mathematical model of the system to have multiple real roots when the coupling coefficient is greater than a certain value, which is similar to the fold bifurcation of the fast subsystem in some nonlinear systems [15, 16] . e multiple real roots mentioned above means that the MCR-WPT system has multiple resonant frequencies and this is called frequency bifurcation [10] . erefore, frequency splitting phenomenon is a description of output characteristics of the system, while the frequency bifurcation phenomenon reflects input characteristics of the system [17] . Both the two phenomena occur in an overcoupling condition, but they are different because the critical coupling coefficients of these two phenomena are not equal. In any case, frequency splitting and bifurcation are undesirable in the power transfer system. e previous studies concentrated more on frequency splitting because the output power of the load or the transmission efficiency of the whole system are the research cores from the perspective of energy transfer. But in this paper, we will be more concerned about the frequency bifurcation phenomenon which reflects the input characteristics of the system because we hope to introduce this phenomenon into the application of signal detection, where we cannot directly obtain the characteristics of the secondary side as the detection target is unknown. So, the only access of detecting the target is to analyze the changes of the primary side. Assuming our detection target is equivalent to an RLC circuit or attaches an RLC circuit, the occurrence of frequency bifurcation phenomenon indicates that the RLC target has entered the coupling region of the transmitting coil. us, we can achieve the approximate positioning of the unreachable RLC target by this method.
As a detection method based on electromagnetic field theory, this method is easy to be affected by the surrounding metal conductor material in practical applications. erefore, the metal barrier between the transmitting coil and the detecting target and the metal conductor around the transmitting coil are our main concerns. e paper is organized as follows: firstly, the contactless detection method based on the target resonance is introduced. en, the influence of different metal environments on this detection method is analyzed. Finally, the causes of these simulations and experimental phenomena as well as the potential application of the method are discussed. Figure 1 illustrates a pair of coils L 1 and L 2 with internal resistances R 1 and R 2 . e capacitors C 1 and C 2 are added to form a series-series topology. M is the mutual inductance between L 1 and L 2 . e impedance of the Primary Side Z 1 is
Frequency Bifurcation
And the impedance of the secondary coil is
For the whole system, the input impedance is
In order to calculate the resonant frequency, the imaginary part of Z in should be 0, that is,
For
In this case, when the two coils are over coupled, the three resonant frequencies due to frequency bifurcation are
In a more general case, that is,1/ ����
and frequency bifurcation will also occur. Assume that a magnetic coupling system has the parameters, as shown in Table 1 . Now we change the compensation capacitor C 2 to get different resonant frequencies for the secondary coil, which is shown in Table 2 . e impedance phase curve of the transmitting coil is shown in Figure 2 (a). e curve has only one zero-crossing point which indicates the resonant frequency of the transmitting coil. When a secondary side coil is added into the system, the phase-frequency curve will change. Figure 2 (b) shows the input impedance phase-frequency curves of the magnetic coupling system with different C 2 . It is obvious that the curve has a "drop down" phenomenon and has three zero-crossing points. Comparing Table 2 with Figure 2 , we can find that the second zero-crossing frequency in the figure coincides with the resonant frequency f 2 . Hence, this phenomenon can reflect the resonance information of the secondary side. Besides, the analysis shows frequency bifurcation phenomenon also exists in a general transmitterreceiver magnetic coupling system, not only in a MCR system. Figure 2 also demonstrates that with the decrease of C 2 , the higher resonant frequency leads to a more pronounced bifurcation phenomenon because a small C 2 can improve the circuit quality factor.
Taking C 2 � 0.03 nF as an example, the phase-frequency curves with different a mutual inductance M are shown in Figure 3 . With the decrease of M, frequency bifurcation phenomenon disappears and there is only one resonant frequency for the whole system in around 1.186 MHz which 2 Complexity is not shown in Figure 3 , but there is still a distortion around f � f 2 in the curve. is distortion also reflects the resonant frequency of the target coil. So, we define this distortion region as the feature region, which indicates the feature of the target coil. As mentioned above, frequency bifurcation phenomenon and frequency splitting phenomenon are issues that must be avoided in order to realize high-efficiency power transfer. Since this phenomenon reflects the resonant frequency of the secondary coil, from another angle we can apply it in target detection. Supposing a target to be detected is equivalent to an RLC series circuit, when the phase-frequency curve has a distortion, it can be determined that the target enters the coupling region of the transmitting coil, besides, the approximate resonant frequency of the target can be inferred. Obviously, the feature region on the phase-frequency curve of the input impedance is more likely to appear compared with the frequency bifurcation phenomenon. erefore, using the feature region as the basis for target detection can greatly increase the detection distance, that is, the target body is still likely to be detected under a small coupling coefficient.
As a major parameter affecting the quality factor of the RLC circuit, resistance R 2 will undoubtedly influence the feature region of the input impedance. Also taking C 2 � 0.03 nF, for example, and M � 180 nH, R 2 has four values shown in Figure 4 . e simulation results in Figure 4 demonstrate that a high-quality factor RLC target is much easier to be detected. 
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Interference Analysis of Metal Environment
As an electromagnetic-based detection method, the method is highly sensitive to the detection environment, especially the influence of surrounding metal conductors. erefore, this paper explores the detection performance in various metal environments. e system has two copper coils, transmitting coil and target coil. Other parameters of the system are shown in Table 3 .
We chose a 304 stainless steel plate with the size of 300 mm * 300 mm * 0.3 mm and place the metal plate in different positions, as shown in Figure 5 . e metal plate in Figure 5 (a) is placed in parallel between the two coils. In Figure 5 (b), the metal plate is placed parallel outside of the transmitting coil. And the metal plate is placed by the side of the transmitting coil is shown in Figure 5 (c).
Metal Barrier.
is section firstly analyzes the influence of the metal barrier on values of L 2 , M, and R 2 in 5 cases, as shown in Figure 6 .
MAXWELL simulation results are shown in Figure 7 . Abscissa d varying from 1 cm to 19 cm is the distance between the barrier and the transmitter. Without the barrier, M � 15.314 nH, R 2 � 9.4443 mΩ, and L 2 � 598.56 nH. Simulation results demonstrate that the metal barrier can reduce M, and the more severely the two coils are shielded by the metal barrier, the smaller the mutual inductance is. For R 2 , although it is difficult to find an exact law from the simulation results because the curves are messy, we can see that R 2 increases due to the metal barrier. erefore, when the metal plate functions as a barrier, the detection performance of the system will be weakened. e effect of the metal barrier on L 2 will change the resonance frequency of the secondary target, thereby changing the position of the feature region. Figure 7 illustrates the closer the barrier is to the secondary side, the smaller L 2 is and the faster it decreases.
Taking the case of 75% for instance, the influence of the metal plate on the phase-frequency curve of the system is investigated. Figure 8 shows the detection system, where the device is the R&S ZND vector net analyzer. C 1 � 30 nF and C 2 � 30 pF. Without the metal barrier, the lowest point of the feature region is (37.74 MHz, 57.3°). at is, the phase curve drops from around 90°to 57.3°. Figure 9 demonstrates the variation of the input impedance phase-frequency curve when the metal barrier is at different locations. It is obvious that the metal barrier weakens the performance of the system. e lowest point of the feature regions changes from 57.3°to about 84°. Closer distance between the metal barrier and either of the two coils will have greater impact on the detection. In addition, the resonance frequency of the target coil changes because of the constant compensation capacitor C 2 and the varying L 2 , so the feature region is frequency-shifted. e closer the barrier is to the target coil, the severer the frequency shift is. All the experiment results are consistent with the previous MAX-WELL simulation results.
In order to investigate the penetrability of the detection method in the presence of the metal barrier, the barrier is placed 2 cm away from the transmitting coil. Here, a rule is made that when the phase angle changes by about 5°, the feature region is considered to be observable. e maxima detection distance without the metal barrier is 30 cm according to the experiment. In this section, except the former metal plate, we use another three different barriers to observe the maximum detection distance.
e three different barriers are metal grid with different grid sizes of 25 mm * 25 mm, 50 mm * 50 mm, and 100 mm * 100 mm, respectively. e metal conductor diameter of the metal grid is 2 mm. e experimental results are shown in Table 4 . 
Complexity 5
e method has a maximum detection distance of 30 cm without the barrier, which is about 3 times of the detection coil radius. When the barrier is 2 cm away from the transmitter, the maximum detection distance will decrease. It is the worst case when the two coils are completely obscured by a metal plate. But this situation does not exist in practical applications, and we will not discuss it.
For all the four kinds of barriers, when blocking 25% of the radius, it has little influence on the detection performance. When blocking 75% of the radius, the detection distance is at least 2/3 of that without barrier. For metal grid barriers, the denser the mesh is, the worse the detection effect is. Fortunately, when the 25 * 25 mesh is 100% shielding the coil, it can achieve the detection distance of 13.5 cm, which is greater than the radius of the coil. In a word, it can still achieve a relatively long-distance detection as long as the barrier does not completely block the coils.
Metal Plate is Parallel outside the Transmitter.
e previous simulation reveals that the closer the metal plate is to the system, the greater the impact on the system parameters is. When the metal plate is located outside the transmitting coil in parallel, it is relatively far away from the secondary side, so it has little influence on the parameters of the target coil. But because of the eddy current effect, its impact on mutual inductance M is not negligible. Table 5 shows the simulation values of M when the metal plate is at different locations. Since M � 15.314 nH without the metal plate, it can be found from Table 5 that if the metal plate is close to the transmitter, it has great impact on M. Figure 10 demonstrates that when the metal plate is 2 cm from the transmitter, the phase of the lowest point in the feature region changes from 57.3°to 71.15°. When d � 8 cm, the metal plate has little influence on the detection.
Vector network analyzer
Transmitting coil Target coil Table 6 shows the effect of the metal plate on the mutual inductance M in the condition shown in Figure 5 (c). When d � 20 cm, the whole metal plate is located on the left side of the transmitting coil, and M is slightly reduced. When the metal plate moves to the right, M will decrease and then increase. Figure 11 illustrates the experiment results. As d decreases, the detection effect is slightly weakened firstly and then greatly enhanced. When d � 0 cm, the lowest point of the feature region is reduced from 57.3°to 48.24°. In this case, the presence of the metal plate is advantageous for detection.
Discussion
e effect of the metal conductor on the detection system is actually the effect of the magnetic field generated by the eddy current in the metal conductor on the system parameters. In order to clearly observe the eddy current induced when the metal conductor is at different positions, a current with the amplitude of 10 A is applied to the transmitting coil at a frequency of 10 MHz. e eddy current in the metal plate is shown in Figure 12 . When the metal plate is placed parallel to the transmitting coil, a current in the opposite direction to the original current is induced, and a reverse magnetic field is generated, which reduces the magnetic flux between the two coils, so that the detection effect is weakened. When the metal plate is perpendicular to the transmitting coil, as shown in Figure 12 (c), two different directions of current are induced in the metal plate. e part of the metal plate located on the left side of the transmitting coil induces a clockwise current, and the right-side part induces a counterclockwise current which is greater than the left clockwise current. In this occasion, the magnetic field generated by the right counterclockwise current is a forward magnetic field, which increases the magnetic flux between the two coils, so the detection effect is enhanced. e detection method in this paper is not proposed blindly. So far, there is no mature and effective method for the nonexcavation breakpoint diagnosis of the grounding grid. e most widely studied approaches include the method based on theory of electric network, method based on the electromagnetic field theory, and transient electromagnetic method (TEM). e first approach often fails in practical because the changes of measured parameters are poorly observable. And the method based on electromagnetic theory requires that the grounding grid has enough leads to inject current. e TEM method is sensitive to surrounding metal equipment, and the reinforced concrete layer makes it difficult to couple the transmitted signal to the grounding grid conductor [18] . Figure 13 shows the grounding gird in a substation. When the grounding grid is intact, it can be equivalent to an RL coil. If there is a breakpoint, the mesh where the breakpoint is located can be equivalent to an RLC circuit, which is consistent with the circuit model of this paper. e metal equipment on the ground of the substation is equivalent to the metal conductors outside the transmitting coil, while the reinforced concrete can be regarded as the metal barrier. erefore, the research in this paper is the basis of the new method of grounding network breakpoint diagnosis. e stability of this method in the metal environment also provides the possibility for its practical application. Figure 12 : Eddy current in the metal plate under different conditions. (a) Barrier situation; (b) metal plate is parallel outside the transmitter; (c) metal plate is by the side of the transmitter.
Conclusions
e following conclusions are drawn from the analysis of this paper.
(1) Frequency bifurcation phenomenon exists not only in a MCR system, but also in a general transmitterreceiver coupling system, where the transmitting coil and the secondary coil have different self-resonant frequencies.
e first zero-crossing point of the frequency bifurcation is determined by the resonant frequency of the transmitting coil, while the second and the third zero-crossing points are determined by the secondary side, so this phenomenon reflects the resonant information of the secondary coil. Besides, the increase of mutual inductance M, and the decrease of the secondary side internal resistance R 2 and compensation capacitor C 2 can enhance this phenomenon.
(2) e two zero-crossing points near the secondary side resonance frequency will vanish and the frequency bifurcation phenomenon also will disappear with the decrease of M. However, there is still a distortion region defined as the feature region near the selfresonant frequency f 2 of the secondary coil. erefore, this paper proposes a detection method based on the target resonance. (3) A metal plate parallel to the transmitting coil has a great influence on the detection, especially when it is close to the transmitting coil. However, as long as the transmitting coil is not completely blocked by the metal plate, the detection distance is still considerable. e metal plate which is by the side of the transmitting coil has little effect on the detection performance or even enhances it. In short, the method has a strong penetrating ability for metal barriers and a strong stability in a metal environment.
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